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Virginia	  Ins?tute	  of	  Marine	  Science,	  Gloucester	  Point,	  Virginia,	  USA	  
Founded	  in	  1940	  to	  help	  support	  management	  of	  Virginia’s	  coastal	  and	  marine	  resources	  
$43	  Million	  annual	  budget,	  ~50%	  U.S.	  Federal	  Government	  and	  50%	  Virginia	  State	  funding	  
57	  PhD	  Faculty,	  110	  Graduate	  Students,	  350	  other	  staff	  
This	  week’s	  subject:	  	  An	  Introduc?on	  to	  Coastal	  Processes	  
Content	  guided	  by	  	  
“Coasts:	  Form,	  Process	  and	  Evolu?on”	  
by	  Colin	  Woodroffe	  
University	  of	  Wollongong,	  Australia	  
Example	  reviews:	  
“Well-­‐wri"en,	  easily	  understood,	  and	  
based	  on	  a	  huge	  literature	  review.”	  
“An	  impressive	  reference	  work	  that	  will	  
enhance	  the	  knowledge	  of	  any	  coastal	  
scholar.”	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Ten	  Chapters	  in	  ten	  ~	  30	  minute	  lectures:	  
13	  April	  9:30-­‐11:00	  
	  L1.	  Introduc?on	  
	  L2.	  Geological	  se`ng	  and	  materials	  
13	  April	  11:30-­‐13:00	  
	  L3.	  Hydrodynamics	  and	  sediment	  dynamics	  
	  L4.	  Rocky	  coasts	  
14	  April	  12:30-­‐14:30	  
	  L5.	  Reef	  coasts	  
	  L6.	  Beach	  and	  barrier	  coasts	  
15	  April	  9:30-­‐11:00	  
	  L7.	  Deltas	  and	  estuaries	  
	  L8.	  Muddy	  coasts	  
16	  April	  11:30-­‐13:00	  
	  L9.	  Morphodynamics	  of	  coastal	  systems	  
	  L10.	  Human	  ac?vi?es	  and	  future	  coasts	  
Afer	  each	  ~	  30	  minutes	  of	  lecture,	  I	  hope	  to	  do	  ~	  15	  minutes	  of	  “applica?ons”	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Colin	  Woodroffe	  (2002)	  “Coasts:	  Form,	  Process	  and	  Evolu?on”,	  Outline	  of	  Chapter	  1:	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(Woodroffe	  Fig.	  1.1)	  
1.1.	  Coastal	  zone	  =	  Interface	  between	  land	  and	  sea	  
Extent	  =	  where	  terrestrial	  environments	  influence	  
marine	  environments	  and	  where	  marine	  
environments	  influence	  terrestrial	  environments	  
Other	  possible	  defini?ons:	  
	  Legal	  (e.g.,	  200	  nau?cal	  mile	  limit)	  
	  Quaternary	  Period	  sea	  level	  fluctua?ons	  
	  Tidal	  limit	  
	  Coastal	  plain	  
	  Wave	  base	  
	  Overlapping	  surface	  &	  bo"om	  
	   	  boundary	  layers	  
	  Con?nental	  shelf,	  rise	  
	  Ecosystem	  proper?es	  
	  Management	  issues	  
L1/5	  
(Woodroffe	  Fig.	  1.1)	  
1.2.	  Coastal	  geomorphology	  =	  	  
	  study	  of	  coastal	  landforms	  
Lots	  of	  defini?ons	  and	  classifica?ons.	  
(“All	  science	  is	  either	  physics	  or	  stamp	  
collec?ng”	  –	  Lord	  Kelvin)	  
(Example	  defini?ons	  according	  to	  Woodroffe	  –	  
	  others	  might	  not	  agree	  on	  some	  details.)	  
Defined	  by	  interac?on	  of	  water	  with	  bed:	  
Shoreline	  =	  water’s	  edge	  
Nearshore	  =	  where	  waves	  feel	  the	  bo"om	  
	  to	  landward	  edge	  of	  swash	  
Backshore	  =	  zone	  above	  the	  shoreline	  
Offshore	  =	  outside	  nearshore	  
Defined	  by	  seabed:	  
Beach	  =	  shoreline	  to	  highest	  wave	  ac?on	  
Shoreface	  =	  shoreline	  to	  offshore	  bar	  
Inner	  con?nental	  shelf	  =	  offshore	  of	  	  
	  shoreface	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(Woodroffe	  Fig.	  1.1)	  
Physical	  understanding	  =	  using	  models	  
Figure	  1.1(a)	  is	  an	  example	  of	  a	  
conceptual	  model	  of	  the	  idealized	  spa?al	  
rela?onship	  between	  coastal	  landforms.	  
Quan?ta?ve	  (or	  “empirical”)	  models	  are	  
based	  on	  well	  constrained	  observa?onal	  
data	  that	  provide	  interrela?onships	  
between	  form	  and	  process.	  
Computer	  simula?ons	  provide	  a	  tool	  for	  
experimenta?on	  and	  extrapola?on	  to	  
examine	  broad	  scenarios	  of	  change	  and	  
sensi?vity	  to	  component	  variables.	  
Note	  that	  computer	  simula?ons	  do	  not	  
have	  to	  based	  on	  “underlying	  physics”	  to	  
be	  considered	  models.	  
Models	  can	  be	  narrow	  or	  broad	  causal	  
rela?onships,	  sta?s?cal	  regressions,	  
complex	  empirical	  rela?ons,	  3D	  
simula?ons	  built	  on	  “first	  principles”,	  etc.	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Coastal	  classifica?on:	  Dominant	  coastal	  types	  according	  to	  	  
Woodroffe	  (Chapters	  4	  -­‐	  8):	  
1.  Rocky	  coasts	  
2.  Reef	  coasts	  
3.  Beach	  and	  barrier	  coasts	  
4.  Deltas	  and	  estuaries	  
5.  Muddy	  coasts	  
Other	  alterna?ve	  classifica?ons:	  
	  Age	  (e.g.,	  “youthful”	  vs.	  “mature”)	  
	  Tectonic	  se`ng	  
	  Sea	  level	  (e.g.,	  advancing,	  retrea?ng)	  
	  Climate	  /	  la?tude	  
	  Sediment	  supply	  
	  Sediment	  grain	  size	  
	  Hydrodynamic	  energy	  type	  (waves/rivers/?des)	  
	  Hydrodynamic	  energy	  level	  
Woodroffe’s	  classifica?on	  is	  a	  mix	  of	  substrate	  type	  and	  hydrodynamic/biological	  
processes.	  “Pragma?c	  classifica?on”	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1.3.	  Historical	  perspec?ve	  
The	  Greeks	  named	  the	  deposi?on	  at	  
the	  mouth	  of	  the	  Nile	  afer	  the	  Greek	  
le"er	  Δ	  (delta).	  
Leonardo	  da	  Vinci	  described	  the	  
shoreline	  shape	  in	  his	  plan	  for	  draining	  
the	  Pon?ne	  Marshes.	  
First	  modern	  geologist	  was	  Lyell	  
(Principles	  of	  Geology,	  1832).	  
“Uniformitarianism”	  or	  “The	  present	  is	  
the	  key	  to	  the	  past”.	  This	  idea	  is	  central	  
to	  coastal	  geology	  and	  stra?graphy.	  
Darwin	  was	  also	  a	  geologist	  (before	  an	  
evolu?onist)	  and	  said	  “I	  feel	  as	  if	  my	  
books	  came	  half	  out	  of	  Sir	  Charles	  
Lyell’s	  brain”.	  	  	  
Darwin’s	  assessment	  of	  origin	  of	  atolls	  
is	  one	  of	  geomorphology’s	  first	  
conceptual	  models.	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Late	  19th/Early	  20th	  century	  coastal	  geomorphology	  	  
-­‐-­‐	  Erosion	  and	  the	  age	  of	  the	  coast:	  
Conceptual	  model…	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Age	   Sea	  level	  (horizontal)	   Sea	  level	  (ver?cal)	  
Early	  to	  mid	  20th	  century	  coastal	  geomorphology	  –	  Classifica?on	  without	  process	  studies	  
(i.e.,	  without	  much	  model	  tes?ng)	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Mid	  to	  later	  20th	  century	  coastal	  geomorphology	  –	  Process-­‐based	  studies	  	  
	  (understanding	  based	  on	  model	  tes?ng)	  begins:	  
For	  the	  nearshore	  (non-­‐riverine/non-­‐estuarine/non-­‐deltaic):	  
	  Strahler	  (1952)	  “Dynamic	  basis	  of	  geomorphology”	  
	  Komar	  (1976)	  “Beach	  processes	  and	  sedimenta?on”	  
Mo?va?on/Centers	  of	  Excellence	  
	  Netherlands	  –	  Delf	  Hydraulics	  
	  US	  –	  Army	  Corps	  of	  Engineers,	  Office	  of	  Naval	  Research	  
	  UK	  –	  HR	  Wallingford	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Late	  20th	  century	  coastal	  geomorphology	  –	  The	  rise	  of	  morphodynamics	  (the	  study	  of	  the	  
mutual	  co-­‐adjustment	  of	  coastal	  form	  and	  process):	  
	  Wright	  &	  Thom	  (1977)	  “Coastal	  deposi?onal	  landforms:	  a	  morphodynamic	  approach”	  
	  Davies	  (1980)	  “Geographical	  varia?on	  in	  coastal	  development”	  
	  Cowell	  &	  Thom	  (1994)	  “Morphodynamics	  of	  coastal	  evolu?on”	  
21st	  century	  coastal	  geomorphology	  –	  Studying	  the	  impact	  of	  rapid	  climate	  change	  and	  other	  
severe	  anthropogenic	  impacts…	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1.4	  Temporal	  and	  Spa?al	  Scales	   L1/14	  
1.5.	  Coastal	  Systems	  
Coastal	  systems	  can	  be	  described	  and	  modeled	  morphodynamically	  using	  “Systems	  Theory”.	  
A	  discrete	  coastal	  system	  (e.g.,	  pocket	  beach)	  can	  be	  described	  by	  its	  morphological	  state	  
(e.g.,	  steep	  accreted	  “summer	  beach”	  vs.	  fla"er	  eroded	  “winter	  beach”).	  States	  ofen	  
represent	  simplified	  extremes,	  with	  intermediate	  states	  possible.	  	  	  
(Woodroffe	  Fig.	  1.10)	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The	  morphological	  state	  is	  described	  by	  state	  variables	  (e.g.,	  grain	  size,	  wave	  height).	  	  
	  Independent	  state	  variables	  are	  external	  factors	  that	  influence	  the	  system	  state	  (e.g.,	  
deep	  water	  wave	  height	  for	  a	  beach).	  	  
	  Dependent	  state	  variables	  are	  internal	  factors	  that	  influence	  the	  system	  state	  (e.g.,	  
volume	  of	  sand	  for	  a	  beach).	  Dependent	  variables	  vary	  in	  response	  to	  independent	  
variables.	  	  
Example:	  	  	  Beach	  State	  (Beach	  Volume)	  =	  func?on	  (Wave	  Height,	  Wave	  Period,	  Grain	  Size)	  	  
(Woodroffe	  Fig.	  1.10)	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Other	  examples	  of	  model	  systems	  with	  end-­‐member	  states:	  	  
1.	  Very	  large	  ?me	  and	  space	  scale:	  	  Quaternary	  Coastlines	  
	  What	  are	  the	  most	  important	  variables	  and	  states?	  
	  Variables:	  orbit	  eccentricity	  &	  obliquity;	  sea	  level;	  	  
	   	  trailing	  vs.	  collision	  coast;	  sediment	  supply	  
	  Model	  states:	  glacial	  (lowstand)	  vs.	  interglacial	  (highstand);	  	  
	   	  Intermediate	  states:	  transgressive	  vs.	  regressive;	  prograding	  vs.	  retrograding	  	  	  
2.	  Short	  ?me	  scale	  and	  large	  space	  scale:	  	  Pacific	  Basin	  Climate	  
	  What	  are	  most	  important	  variables	  and	  states?	  
	  Variables:	  temperature;	  rainfall;	  pycnocline	  depth;	  coastal	  sea	  level;	  fish	  stocks;	  
	   	  storminess;	  beach	  volumes;	  coastal	  erosion	  rates;	  Pacific	  Decadal	  Oscilla?on	  	  
	  Model	  states:	  El	  Nino	  vs.	  La	  Nina;	  intermediate	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1.5.2.	  System	  interrela?onships,	  feedback	  and	  equilibrium	  
Coastal	  systems	  are	  ofen	  composed	  of	  many	  subsystems.	  
Example	  subsystems	  within	  a	  coastal	  system:	  	  	  
	  dunes,	  beach,	  nearshore,	  shoal,	  river,	  	  
	  estuary,	  headland.	  
Example	  ques?on	  in	  applica?on	  of	  model	  system	  
	  interrela?onships:	  How	  does	  sediment	  	  
	  discharge	  from	  a	  river	  affect	  dunes	  along	  
	  the	  coast?	  
(Woodroffe	  Fig.	  1.11a)	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(Woodroffe	  Fig.	  1.11b)	  
The	  degree	  of	  detail	  concerning	  subsystems	  
varies	  depending	  on	  modeling	  approach:	  
A	  black-­‐box	  approach	  iden?fies	  no	  
components	  of	  the	  subsystems.	  
A	  grey-­‐box	  iden?fies	  a	  few	  subsystems	  in	  a	  
schema?c	  way.	  
A	  white-­‐box	  approach	  iden?fies	  all	  (or	  
most)	  of	  the	  subsystems.	  
White-­‐box	  modeling	  is	  reduc?onist,	  
defining	  a	  system	  in	  terms	  of	  its	  
components	  and	  a"empts	  to	  make	  the	  end	  
result	  explicitly	  consistent	  with	  its	  building	  
blocks.	  
Black-­‐box	  modeling	  is	  holis?c,	  and	  assumes	  
that	  the	  system	  as	  a	  whole	  func?ons	  in	  a	  
way	  that	  is	  more	  than	  a	  simple	  sum	  of	  its	  
component	  parts.	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(Woodroffe	  Fig.	  1.11b)	  
A	  black-­‐box	  (holis?c)	  modeling	  approach	  
may	  be	  be"er	  suited	  to	  systems	  with	  
complex	  feedbacks	  (e.g.,	  salt	  marsh,	  
mangrove	  biogeomorphology).	  	  
A	  white-­‐box	  (reduc?onist)	  approach	  may	  
be	  be"er	  suited	  for	  unidirec?onal	  model	  
systems	  (e.g.,	  tracking	  energy	  transfers	  
through	  an	  ecosystem).	  
Time	  scales	  also	  effect	  choice	  of	  black-­‐	  vs.	  
white-­‐box	  approaches.	  White	  boxes	  apply	  
more	  easily	  to	  short	  ?me-­‐scales.	  Black	  
boxes	  apply	  more	  easily	  when	  spanning	  
several	  ?me-­‐scale	  ranges.	  
Linear	  systems	  can	  more	  easily	  be	  
approached	  with	  white	  boxes.	  Non-­‐linear	  
systems	  may	  require	  black	  boxes.	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Addi?onal	  thoughts	  on	  morphodynamic	  modeling	  of	  coastal	  systems:	  
Nega?ve	  feedback	  counteracts	  morphological	  changes	  in	  systems	  and	  favors	  morphological	  
equilibrium.	  (e.g.,	  equilibrium	  cross-­‐sec?ons	  of	  ?dal	  channels;	  equilibrium	  beach	  profiles)	  
Posi?ve	  feedback	  accelerates	  morphological	  change	  in	  systems	  and	  favors	  self-­‐organiza?on	  
and	  crossing	  morphological	  thresholds.	  (e.g.,	  ripple	  forma?on;	  distributary	  channel	  avulsion)	  	  	  
Strongly,	  externally	  forced	  systems	  tend	  to	  experience	  nega?ve	  feedback	  (e.g.,	  equilibrium	  
?dal	  coastlines;	  marsh	  accre?on	  in	  response	  to	  rela?ve	  sea	  level	  rise)	  
Internally	  excited	  systems	  tend	  to	  involve	  posi?ve	  feedback	  (e.g.,	  infragravity-­‐wave	  
interac?on	  with	  bars;	  meso-­‐scale	  weather	  systems)	  
The	  general	  state	  of	  a	  system	  may	  be	  predictable	  (due	  to	  external	  forcing	  at	  large	  scales)	  
even	  though	  the	  details	  might	  not	  be	  (due	  to	  internal	  chao?c	  behavior	  at	  smaller	  scales).	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Addi?onal	  thoughts	  on	  morphodynamic	  modeling	  of	  coastal	  systems	  (cont.):	  
Example	  strong	  external	  forcing	  (favoring	  equilibrium	  aspects	  of	  coastal	  morphology):	  	  	  
Rela?ve	  sea-­‐level,	  plate	  tectonic	  se`ng,	  sediment	  supply,	  ?dal	  range	  
Example	  internal	  chao?c	  behavior	  (favoring	  local	  disequilibrium):	  	  Eddies,	  bedform	  growth,	  
slope	  failure,	  channel	  avulsion,	  channel	  meandering,	  precise	  loca?on	  of	  inlet	  forma?on	  
A	  steady-­‐state	  equilibrium	  means	  external	  boundary	  condi?ons	  don’t	  change	  (i.e.,	  sta?onary	  
b.c.’s).	  
A	  dynamic	  equilibrium	  means	  that	  landforms	  are	  in	  a	  con?nual	  process	  of	  adjus?ng	  to	  
changing	  b.c.’s	  (i.e.,	  non-­‐sta?onary	  condi?ons).	  	  	  
Equilibrium	  ofen	  requires	  an	  associated	  ?me-­‐scale,	  since	  nothing	  is	  forever.	  “Equilibrium”	  
may	  also	  ofen	  represent	  an	  average	  over	  shorter-­‐term	  disequilibrium	  states.	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1.6	  Human	  impact	  on	  the	  coast	  
Reasons	  to	  study	  human	  impact	  on	  coastal	  morphology:	  
	  Facilitate	  beneficial	  impacts	  of	  morphological	  modifica?on	  –	  nourished	  beaches,	  
constructed	  harbors,	  dredged	  channels,	  mined	  sands	  and	  gravels,	  je`es,	  breakwaters,	  
seawalls,	  etc.	  
	  Prevent	  and	  mi?gate	  harmful	  coastal	  change	  and	  sediment	  transport	  –	  iden?fy	  
causes	  of	  erosion,	  avoid	  nega?ve	  impacts	  of	  hard	  structures,	  understand	  causes	  of	  land	  
loss	  or	  silta?on,	  avoid	  loss	  of	  sediment	  supplies	  due	  to	  dams,	  help	  improve	  land	  use	  
prac?ces	  to	  avoid	  erosion.	  
	  Restore	  natural	  morphologies	  to	  aid	  ecosystems	  –	  engineered	  wetlands,	  barrier	  
beaches,	  dunes,	  meandering	  channels.	  
	  Reduce	  and/or	  be"er	  recognize	  uncertainty	  in	  predic?ons	  of	  future	  change	  –	  likely	  
impacts	  of	  climate	  change,	  future	  extreme	  events.	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